Abstract Dissolved organic carbon (DOC) and inorganic carbon (DIC, pCO 2 ), lignin biomarkers, and theoptical properties of dissolved organic matter (DOM) were measured in a gradient of streams and rivers within the Congo Basin, with the aim of examining how vegetation cover and hydrology influences the composition and concentration of fluvial carbon (C). Three sampling campaigns (February 2010, November 2010, and August 2011 spanning 56 sites are compared by subbasin watershed land cover type (savannah, tropical forest, and swamp) and hydrologic regime (high, intermediate, and low). Land cover properties predominately controlled the amount and quality of DOC, chromophoric DOM (CDOM) and lignin phenol concentrations (∑ 8 ) exported in streams and rivers throughout the Congo Basin. Higher DIC concentrations and changing DOM composition (lower molecular weight, less aromatic C) during periods of low hydrologic flow indicated shifting rapid overland supply pathways in wet conditions to deeper groundwater inputs during drier periods. Lower DOC concentrations in forest and swamp subbasins were apparent with increasing catchment area, indicating enhanced DOC loss with extended water residence time. Surface water pCO 2 in savannah and tropical forest catchments ranged between 2,600 and 11,922 μatm, with swamp regions exhibiting extremely high pCO 2 (10,598-15,802 μatm), highlighting their potential as significant pathways for water-air efflux. Our data suggest that the quantity and quality of DOM exported to streams and rivers are largely driven by terrestrial ecosystem structure and that anthropogenic land use or climate change may impact fluvial C composition and reactivity, with ramifications for regional C budgets and future climate scenarios.
Introduction
Fluvial systems are increasingly recognized as important components of the global carbon (C) cycle, acting as both significant transporters of C offshore as well as sites of active heterotrophic metabolism, resulting in the return of greenhouse gases to the atmosphere [Aufdenkampe et al., 2011; Battin et al., 2009; Cole et al., 2007] . The amount and quality (composition) of C and its associated dissolved organic matter (DOM) pool, supplied to fluvial systems from land may be influenced by a variety of factors including climate, catchment vegetation cover and land use [Hood and Scott, 2008; Wilson and Xenopoulos, 2008; Yamashita et al., 2011] . DOM plays a multifaceted role in freshwaters, including light attenuation, trace metal transport and acid-base chemistry Del Vecchio and Blough, 2004; Wang et al., 2013] . Thus, any natural or anthropogenic-driven change that alters exported DOM composition also influences biogeochemical cycling and the structure of downstream aquatic food webs. Despite the critical link among terrestrial ecosystem structure, climate and the composition of C in fluvial environments, only a limited number of studies have attempted to quantify how subbasin-scale land cover properties affect aquatic DOM export and quality [Wilson and Xenopoulos, 2008; Yamashita et al., 2011] .
Tropical river systems supply~60% of global terrigenous dissolved organic carbon (DOC) flux to the ocean [Aitkenhead and McDowell, 2000; Mayorga et al., 2010] , yet with the exception of the Amazon Basin, have historically received far less attention compared to their temperate and northern high-latitude counterparts.
MANN ET AL.
The Congo River Basin is the second largest river system on Earth based upon freshwater discharge (~45,000 m 3 s
À1
) and total drainage basin size (~3.7 × 10 6 km 2 ) but has had limited study with respect to its role in regional-scale C budgets [Coynel et al., 2005; Laraque et al., 2009; Spencer et al., 2012a] . The Congo River is estimated to export approximately 12.4 Tg of DOC, making it the second largest exporter of DOC to the ocean after the Amazon River [Coynel et al., 2005] . Tropical freshwater systems often support high rates of heterotrophic respiration causing elevated rates of carbon dioxide (CO 2 ) outgassing relative to temperate and boreal systems [Aufdenkampe et al., 2011] and in situ losses of DOC during water transit through a catchment [Worrall et al., 2012] . The Amazon River, for example, has been estimated to return~500 Tg C yr À1 to the atmosphere roughly equaling the total terrestrial sequestration in vegetation across the entire Amazon Basin [Richey et al., 2009] . A large proportion of the CO 2 originating from the Amazon derives from in situ respiration of terrigenous C [Mayorga et al., 2005] . Thus, CO 2 evasion from fluvial networks within large tropical watersheds represents a missing sink for terrestrial organic C that is not captured when solely examining riverine land to ocean flux estimates.
Current conditions in the Congo Basin present a unique opportunity to understand controls upon the biogeochemistry of carbon in a pristine major tropical river system. The Congo Basin hosts the Earth's second largest tropical rainforest, vast areas of savannah and extensive regions of swamp forest and wetlands covering at least > 65,000 km 2 that undergo permanent and seasonal inundation [Bwangoy et al., 2010] . In common with the majority of tropical regions, the Congo Basin is facing ever increasing regional and global challenges associated with climate change (e.g., increasing temperatures and altered precipitation patterns), as well as local land use changes such as deforestation and major dam construction [Aerts et al., 2006; Koenig, 2008; Spencer et al., 2014] . Thus, understanding DOM transport and C cycling dynamics within these regions, and how inland water chemistry may change in relation to catchment characteristics, will enable us to make improved predictions of watershed C budget alterations under future land use and climate scenarios. Further, it is imperative that we gain a better understanding of how these systems currently function, as they represent unique environments yet to be impacted by significant anthropogenic change allowing us to adequately construct a baseline for comparison to future perturbations.
The main objectives of this study were (1) to identify the role of land cover and hydrology in controlling the quantity and character of DOM exported from subbasins across the Congo River Basin, (2) to examine CO 2 measurements in freshwaters, especially in currently understudied small stream (<5-10 m width) and swamp environments that are disproportionately important with respect to CO 2 outgassing, and (3) to examine the use of optical properties as proxies for molecular measurements. Objectives one and two are critical for assessing the impacts that future shifts in land cover and hydrology will have on land to ocean export and water-air efflux of C. Objective three is of great interest given that optical measurements can now be undertaken via in situ technologies. Proper calibration may provide leveraging to obtain high temporal and spatial resolution of DOM quality that are required to actually understand DOM dynamics in freshwater environments [Hernes et al., 2009; Pellerin et al., 2011; Spencer et al., 2012b] .
Methods

Study Site
Samples were collected during 2010 and 2011 predominantly from sites within the Republic of Congo, in the northwest region of the Congo River Basin (Figure 1 and Table S1 in the supporting information). In total, three synoptic sampling trips were conducted, visiting 56 separate sites. Twenty of these sites were measured on all three sampling trips (February 2010 , November 2010 , and August 2011 . Due to logistical constraints, it was not possible to visit all of the same sites on each of the sampling trips. Sample sites were selected to cover a gradient of land vegetation cover (see section 2.3), and waters of each type were sampled during each trip.
As our sites straddled the equator, the stage of the hydrograph at each stream or river varied not only with sample date but also by region. The hydrologic regime at each site was therefore classified via stage height as high, intermediate, or low using recent or historic discharge data. When hydrologic data were unavailable for a site, the discharge state was categorized using precipitation data from the nearest weather station. The discharge and precipitation data were obtained from the Groupe de Recherche en Sciences Exactes et Naturelles in the Republic of Congo, with support from the Institute of Research for Development in France [ORSTOM, 1979] . Hydrologic regimes assessed using precipitation data from stations close to streams with concurrent discharge stage height records were identical, suggesting this was a viable method for assessing hydrologic regime in ungauged areas.
Sample Collection
Samples were collected from the thalweg of the stream or river using a peristaltic pump with tubing lowered to a depth of~30 cm. Stream or river pH, conductivity, water temperature, and dissolved oxygen concentrations were collected using a precalibrated handheld instrument (YSI Pro-Plus) at all sites.
Samples for DOC, total dissolved nitrogen (TDN), inorganic nutrients (NH 4 + , NO 3 À /NO 2 À ), and DOM optical characterization were collected at each site, on all occasions. Sample waters were filtered on site through precombusted (4 h, 550°C) glass fiber filters (nominal pore size 0.7 μm Whatman GF/F) into acid precleaned and triple filtrate-rinsed HDPE plastic bottles. Samples for DOC, TDN, and nutrients were subsequently acidified to pH <2 using trace metal grade hydrochloric acid. Samples for optical analyses were filtered as above but left unacidified and typically run within 2 weeks of collection. At selected sites, additional samples for lignin phenol analysis were collected during two of the sampling trips (February and November 2010). One liter acid precleaned HDPE bottles were filled on site after filtration through in-line capsule filters (Gelman AquaPrep 0.45 μm) and acidified with HCl to pH <2. Finally, samples for dissolved inorganic carbon (DIC) and total alkalinity (TA) were also collected during the November 2010 sampling trip. Discrete DIC and TA samples were independently filtered through capsule filters (Gelman AquaPrep 0.45 μm) into 250 ml borosilicate glass bottles ensuring minimum air contact. Samples were poisoned with HgCl 2 and grease sealed with ground glass stoppers for storage. All samples were kept dark and chilled until refrigeration upon return to a local laboratory. All preserved samples were run within 2 months of collection.
Dominant Land Cover Classification
Sample site locations were georeferenced to the World Geodetic System and intersected with the highestlevel subwatershed polygons defined by the HYDRO1K global hydrologic data set [U.S. Geological Survey, 2000] . For each site, total area of the contributing watershed was calculated in a geographic information system (GIS) ( Table S1 in the supporting information). The fractional land cover type of the contributing watershed region was calculated as per the Global Land Cover (GLC) 2000 data set and binned into one of three distinct land cover categories: (1) Savannah catchments containing grass and low-level shrub classes, 
CDOM Optical Analysis
CDOM absorbance measurements were collected on a Shimadzu UV1800 dual-beam spectrophotometer using 10 mm path length quartz cuvettes. All measurements were run in triplicate and referenced against 18.2 MΩ cm
À1
Milli-Q laboratory water. Absorbance coefficients were calculated as a λ = 2.303A (λ) / l, where, A is the raw absorbance from the spectrophotometer, a the Naperian absorbance coefficient (m
) at wavelength ( λ ), and l the cell path length in meters. The spectral slope (S) was calculated using a nonlinear fit to the exponential function of the absorbance spectrum. Spectral slopes were calculated over two wavelength ranges spanning 275 to 295 (S 275-295 ) and 350 to 400 nm (S 350-400 ). The spectral slope ratio (S R ) was then calculated as the ratio of the two (S 275-295 : S 350-400 ) [Helms et al., 2008] . These spectral slope ranges and ratios have been identified as particularly sensitive indicators of CDOM source and transformations in a wide range of natural waters [Helms et al., 2008; Spencer et al., 2012b] . S R values often correlate with DOM molecular weight, increases in the ratio representing decreasing mean DOM molecular weight [Helms et al., 2008; O'Donnell et al., 2010] . The specific UV absorbance at 254 nm (SUVA 254 ) was calculated by normalizing the decadal spectrophotometer absorbance (A) to DOC concentration and is presented in units of L mg C À1 m
. SUVA 254 measurements positively correlate with DOM aromaticity, with higher values indicating the presence of more complex aromatic moieties [Weishaar et al., 2003] .
CDOM fluorescence was measured using a Horiba Fluoromax 4 spectrofluorometer. The fluorescence index (FI) was calculated as the ratio of the corrected fluorescence emission intensity at 470 and 520 nm, after excitation at 370 nm [Cory and McKnight, 2005; McKnight et al., 2001] . FI values vary with DOM aromaticity [Spencer et al., 2010a] and are commonly used as an indicator of terrestrial/higher plant (FI values~1.3) versus aquatic/microbial-derived CDOM sources (values > 1.5) [Cory and McKnight, 2005] .
Lignin Phenol Analysis
Lignin phenols were measured via the CuO oxidation method described by Hedges and Ertel [1982] , with modifications as outlined by Spencer et al. [2010b] . In brief, filtered whole waters were acidified to pH 2 with 12 N HCl, rotary evaporated to~3 mL, transferred to Monel reaction vessels (Prime Focus, Inc.) and dried under vacuum centrifugation. All samples were alkaline oxidized at 155°C in a stoichiometric excess of CuO, Figure 2 . Boxplots of (a) DOC and (b) a 350 during high, intermediate, and low hydrologic conditions within each of the three land cover types (savannah, forest, and swamp). The black line within each box represents the mean, the height of each box denotes the 25th and 75th percentiles, and the error bars denote the 10th and 90th percentiles.
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followed by acidification (pH = 1 with 12 N H 2 SO 4 ) and extraction 3 times with ethyl acetate, passed through Na 2 SO 4 drying columns, and taken to dryness under a gentle stream of ultrapure nitrogen. After redissolution in pyridine, lignin phenols were silylated (BSTFA) and quantified using gas chromatography mass spectrometry (GC-MS) (Agilent 6890 gas chromatograph equipped with an Agilent 5973 mass selective detector and a DB5-MS capillary column; 30 m, 0.25 mm inner diameter, Agilent) using cinnamic acid as an internal standard and a five-point calibration scheme. Eight lignin phenols were quantified for all samples, including three vanillyl phenols (vanillin, acetovanillone, and vanillic acid), three syringyl phenols (syringaldehyde, acetosyringone, and syringic acid), and two cinnamyl phenols (p-coumaric acid and ferulic acid). One blank was run for every 10-sample oxidations, and all samples were blank corrected. Blank concentrations of lignin phenols were low (30-40 ng) and consequently never exceeded 5% of the total lignin phenols in a sample. Lignin phenol concentrations are reported as the sum of the cinnamyl, syringyl, and vanillyl phenols (∑ 8 ). Additionally, the carbonnormalized sum of the lignin phenols (Λ 8 ) was also calculated.
2.7. DIC, pCO 2 , and Gas Flux Calculations DIC was measured using an autoanalyzer (AS-C3, Apollo SciTech) that purges CO 2 gas from an acidified water sample with a nitrogen carrier gas. The instrument was calibrated using certified reference materials (CRMs) from Dr. Andrew Dickson (Scripps Institution of Oceanography, University of California, San Diego) and has a precision and accuracy of approximately ±2 μmol L
À1
. A modified Gran titration procedure [Wang and Cai, 2004] was used to determine the TA of the samples potentiometrically using an automated titrator (AS-ALK2, Apollo SciTech). The CRMs were also used to calibrate the TA titrator. TA measurements had a precision and accuracy of ±2 μmol L
.
The partial pressure of carbon dioxide (pCO 2 ) was calculated using measured DIC and pH values and the CO 2 program by Pierrot et al. [2006] . Areal CO 2 flux estimates were calculated using a simple gas transfer model, F = kαΔpCO 2 , where k is the gas transfer in freshwater, α the solubility of CO 2 [Weiss, 1974] , and river values (k 600 = 14.7 ± 8.6 cm h À1 ) .
Statistics
Normality was assessed using histograms and Shapiro-Wilk tests. Nonnormal data were logtransformed to allow the use of parametric statistics before analysis. Two-way analysis of variance was used to identify the main effects of land cover type and hydrologic regime and to assess for potential interactions between them (F x , where x is degrees of freedom). Interactions relate to combined effects of land cover and hydrology and examine if there are significant differences in how different land cover types respond to changes in hydrologic regime. Posthoc tests were conducted using independent pairwise comparisons of significant effects. Pearson's correlation coefficients (R 2 ) were used to assess relationships between variable pairs. All statistical tests assumed a significance level of < 0.05 and were conducted using the SPSS 20 (IBM) software program. Table 1 ). DOC concentration was closely associated with hydrologic regime, with highest observed mean concentrations in streams during high flow conditions (21.1 mg C L À1 ; n = 39) and lowest at periods of reduced flow (6.8 mg C L À1 ; n = 21).
DOC concentrations were consistently highest in waters from swamp-dominated catchments, intermediate in forest, and lowest in savannah regions (Figure 2a ).
Sixteen percent of the variability in DOC concentrations was explained by hydrologic state alone (F 2 = 7.3, p < 0.01), whereas land cover properties explained 39% of the overall variance (F 2 = 23.9, p < 0.001). Differences in DOC concentrations with hydrologic state were also significantly dependent upon land cover type (F 4 = 2.8, p < 0.05). Swamp regions exported significantly higher proportions of DOC during high and intermediate flow conditions relative to low flow periods (F 2 = 9.8, p < 0.01), whereas land cover and hydrologic regime in forest and savannah regions independently controlled DOC concentrations. (n = 19) during dry periods, in conjunction with reductions in flow (F 2 = 7.7, p < 0.01). CDOM a 350 values also varied significantly with land cover type (F 2 = 21.7, p < 0.001) ( Table 1 and Figure 2b) . C:N ratios ranged from 16.6 to 57.6 (mean = 33.3, n = 58), demonstrating higher ratios during high flow periods relative to intermediate and low hydrologic regime periods (F 2 = 13.0, p < 0.001). C:N ratios were significantly highest in swamp catchment waters relative to other land cover types (F 2 = 7.8, p < 0.01, ; n = 73), respectively, over the duration of the study. Both S R and S 275-295 significantly differed with hydrologic regime (F 2 = 7.8, 9.3, p <0.001, respectively), displaying marked increases during periods of low flow (Table 1 and Figure 3a) . FI values were significantly higher during low flow periods (F 2 = 15.9, p <0.001; Figure 3b) . No discernible patterns with hydrology were observed in the S 350-400 values (Table 1) . DOM quality as inferred from S R , S 350-400 , and FI also varied across waters originating from different land cover types (F 2 = 4.8, 3.4, and 13.1, respectively, p <0.05; Figures 3a and 3b) . Effects of land cover and hydrologic regime on DOM composition were independent from one another in all but S R values, which displayed significantly higher values in savannah and forest catchments during low flow periods (F 4 = 2.5, p <0.05; Figure 3a) . The spectral slope S 350-400 followed an opposing pattern to S R , with highest values in swamp influenced catchments (F 2 = 3.4, p <0.05). SUVA 254 values ranged widely from 1.0 to 5.9 L mg C À1 m -1 (mean = 4.2 L mg C À1 m
À1
; n = 69) over the study period and significantly differed with hydrologic regime (F 2 = 6.9, p <0.01; Figure 3c ). SUVA 254 values displayed no significant trends with land cover type during high and intermediate hydrologic regime states but were distinguishable during low water periods (Table 1 and Figure 3c ). (Table 2 ). Other than S/V, no other lignin parameters demonstrated significant differences with hydrologic regime (Table 2) .
Seasonal and Spatial Patterns in Lignin
Variation in pH, DIC, and Total Alkalinity
The pH values ranged between 3.56 and 7.90 across study sites and hydrologic regimes (n = 91; Table 3 ). Mean pH decreased with increases in the hydrologic regime (F 2 = 6.5, p <0.001), in good agreement with observations from the Congo River main stem [Wang et al., 2013] . Land cover type also influenced freshwater pH (F 2 = 18.2, p <0.001), with swamps exporting more acidic waters (mean = 4.42; n = 27) compared to nearer neutral conditions in waters from forest-dominated catchments (mean = 6.00; n = 39; Table 3) .
DIC values ranged from 91.4 to 531.6 μmol L À1 (mean = 301.0 μmol L À1 ; n = 28; Table 3 ) and were significantly higher in swamp-influenced streams (400.2 μmol L
À1
; n = 9) than in savannah (233.1 μmol L
; n = 7) or forest streams (265.5 μmol L
; n = 12) (F 2 = 3.7, p <0.05). Mean DIC concentrations were significantly higher under low flow conditions (mean = 466.7 μmol L À1 ; n = 2), relative to high flow periods (mean = 233.1 μmol L
; n = 19) (F 2 = 4.4, p <0.5). No combined influence of land cover on hydrologic regime was observed in either pH or DIC. TA varied between 0 and 241.7 μmol L À1 (n = 28) and was often very low or below the detection limit (< 10 μmol L
), which is consistent with generally low pH conditions (Table 3) .
The pCO 2 Concentration and CO 2 Efflux Rates
In situ pCO 2 ranged between 2600 and 15,802 μatm (Table 3) . Mean pCO 2 values differed significantly with land cover type (F 2 = 8.0, p < 0.01) and hydrologic regime (F 2 = 4.4, p < 0.05; Figure 5 ). Highest pCO 2 values were consistently calculated in waters from swamp catchments (mean = 12,858 μatm, n = 6), and Table 3 ). Mean in-situ pCO 2 was significantly higher during low discharge periods, as compared to intermediate and high flow conditions (Table 4 ). This increase was due to increased pCO 2 in savannah regions during low flow periods, whereas swamp forest waters varied little with hydrologic regime (F 4 = 5.2, p < 0.05).
Using a widely applied gas evasion model (see section 2.7) and published tropical inland water gas exchange velocity values corrected for in situ water temperatures [Aufdenkampe et al., 2011] , we estimated mean areal CO 2 evasion rates. Estimated mean rates ranged between 312 and 1429 mmol CO 2 m À2 d À1 , or 3.7 and 17.1 g C m À2 d À1 across all study sites (Table 4 ). Mean evasion rates were similar in streams and rivers from each land cover type, swamp waters demonstrating the lowest evasion rates and tropical forest waters the highest (Table 4 ). This trend was opposite to that of pCO 2 demonstrating the important role of gas transfer velocities (k) in flux calculations. The use of fixed exchange velocities (k) here will result in error, but allow for general patterns across land cover types, and streams and rivers to be examined assuming global trends in k translate to the Congo Basin. Direct measurements of k in flowing waters globally range from 3 to 30 cm h À1 [Aufdenkampe et al., 2011, supplemental data] . Assuming lower k values and correcting for temperature, stream and river waters in savannah and forest basins would evade between 4.1 and 5.7 times lower quantities of CO 2 than we estimate ( 
Discussion
Hydrologic and Land Cover Controls Upon Stream Carbon Export
The DOC concentration and DOM quality in streams and rivers across the Congo Basin can be significantly influenced by land cover type and hydrologic conditions. Broad-scale land cover properties, derived from satellite information, explained the greatest proportion of variance in freshwater DOC concentration (39%) and a 350 (40%), more than twice that of hydrology (16% and 19%, respectively) . This indicates that subbasin vegetation properties predominantly control overall C export patterns. Higher DOC concentrations in swamp and wetland Figure 5. Boxplot of pCO 2 from streams and rivers separated by channel width (< 100 m or > 100 m) and land cover type. The black line within each box represents the mean, the height of each box denotes the 25th and 75th percentiles, and the error bars denote the 10th and 90th percentiles.
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waters during intermediate to high flow conditions demonstrate that increased precipitation and runoff can act as a mechanism for releasing greater proportions of C in these regions. C:N ratios of waters were explained by both land cover properties (18%) and hydrologic regime (24%) independently, suggesting that the C:N in streams in subbasins is controlled by both regional vegetation type and precipitation patterns. DIC concentrations were significantly higher during drier months, and lowest during high discharge periods. DIC concentrations were also independently controlled by vegetation cover, with swamp regions exporting waters containing almost twice the mean DIC concentration than forest and savannah waters (Table 3) . This apparent inverse relationship between DIC concentration and discharge suggests a seasonal shift in dominant flow paths where highest contributions of deeper soil flow waters with elevated DIC concentrations occur during lower flow conditions. Rapid overland flow paths, associated with rainy season high-discharge conditions, can contribute an order of magnitude higher DOC fluxes than delivered by deeper groundwater flow in Amazonian headwater catchments [Johnson et al., 2006] . Taken together, our findings suggest a tightly coupled link between the hydrologic and carbon cycles, with organic C supply primarily controlled by overland and surface flow paths, and inorganic C by deeper groundwater pathways (Tables 1  and 3) . Land cover properties, in turn, strongly influence the availability of organic C to be exported to stream and rivers and can affect how subbasins regulate C release after precipitation events.
Tropical watersheds globally are being transformed by expanding agricultural and logging activities, as well as global and regional climate change effects [Davidson et al., 2012; Laporte et al., 2007] . Future predicted changes for these regions include anthropogenic impacts such as construction of dams and altered precipitation patterns, with resultant impacts upon river discharge patterns, and shifts in vegetation from rainforest to savannah ecosystems [Aerts et al., 2006; Koenig, 2008; Spencer et al., 2014] . Our findings suggest that increased subbasin coverage of savannah vegetation would result in a reduction in the overall fluvial DOC concentration but a relative increase in the proportion of the DOC pool supplied from vascular plants.
Organic Matter Composition
An overall reduction in the apparent aromaticity and molecular weight of the DOM pool was observed during low hydrologic conditions relative to intermediate and high runoff periods, as inferred from S 275-295 , S R , FI, 2.4 312 ± 126 3.7 ± 1.5
a Areal daily outgassing rates were calculated using published gas transfer velocities # for tropical streams and rivers ( # k 600 ) [Aufdenkampe et al., 2011] adjusted for site temperature.
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and SUVA 254 indices (Figures 3a-3c ). Savannah and forest catchments in particular, displayed a marked reduction in the apparent aromaticity and molecular weight of DOM exported during low flow conditions (elevated S R values). Swamp influenced subbasins displayed little or even opposing trends to other vegetation types, demonstrating that they persistently export greater proportions of apparent aromatic and higher molecular weight DOM throughout the year (Figures 3a-3c) . These findings compare well with previous observations that wetlands and swamps are associated with more aromatic, higher molecular weight organics [Mladenov et al., 2007; Pinney et al., 2000] and that these environments can moderate carbon composition and export as previously reported in the Amazon [Johnson et al., 2006] . Similar temporal shifts in DOM composition have been reported in a range of temperate and tropical watersheds [Sanderman et al., 2009; Spencer et al., 2010a; Yamashita et al., 2010] . These studies attribute the observed changes in DOM composition to shifting source material from predominantly surface, younger organic-rich horizons during high flow periods, to older soil-derived deeper organic matter during drier conditions. As DOM reactivity (biological and photochemical) is strongly related to its chemical composition, shifting freshwater DOM quality will influence the efficiency and extent of C processing within inland waters. Our results demonstrate that with predicted increases to dry-season duration, as well as changing vegetation patterns [Aerts et al., 2006; Koenig, 2008; Spencer et al., 2014] , we can expect an associated reduction in the overall molecular weight and aromaticity of the exported DOM pool influencing the biogeochemistry of coastal environments and the role of inland waters as processors of terrigenous C.
Organic Matter Sources and Processing
In order to examine if DOC turnover could explain the C concentration patterns we observed across subbasins, we conducted a series of linear regressions comparing catchment size-a simple proxy of residence time [e.g., Worrall et al., 2012] -with DOC concentration. We included both explanatory and response variables untransformed and log-transformed. Across all sample dates and sites, a weak yet significant negative relationship between log-transformed area and log-transformed DOC concentration was observed (R 2 = 0.14, p < 0.01, n = 85; Figure 6a ). These relationships persisted during high (R 2 = 0.11, p < 0.05, n = 39) and low flow periods (R 2 = 0.30, p < 0.01, n = 21), but not during intermediate discharge conditions (p = 0.12, n = 25). Separating by land cover, relationships were only present in forest and swamp environments (R 2 = 0.15, 0.20, p < 0.05, n = 39, 22, respectively) with savannah subcatchments spanning a relatively small gradient in basin sizes. These relationships indicate that DOC turnover via physical or biological processes can be observed in bulk DOC concentrations throughout the basin, particularly during low flow periods when longer residence times may promote greater in situ production and respiration.
Lignin phenol ratios are used extensively to provide detailed source and diagenetic processing information [Hedges and Mann, 1979; Hernes and Benner, 2003] . The discrimination of gymnosperm and angiosperm sources, for example, can be examined using the ratio of syringyl (S) to vanillyl (V) phenols, or the contribution of woody to nonwoody tissues estimated using ratios of cinnamyl (C) to V phenols [Hedges and Mann, 1979] . Plotting sample S/V versus C/V shows that our stream and river DOM originates from a mixture of nonwoody tissues predominantly of angiosperm origin (Figure 4a ) [Hedges and Mann, 1979; Spencer et al., 2010a] . Mean S/V ratios decreased modestly but significantly with increasing discharge (Table 2) , indicating shifting source inputs or alterations in the extent of processing or leaching of source materials over the season. This contrasts with a small tributary of the Congo River that exhibited no changes in S/V in any season, despite significant differences in discharge [Spencer et al., 2010a] , which is likely related to difference in soil structure. C/V and S/V ratios displayed significant linear increases with increasing catchment area, particularly in forest and swamp-dominated environments (Figures 6b and 6c ). S/V ratios are sensitive to DOM photolysis with decreases in S/V interpreted as evidence of photooxidation [Benner and Opsahl, 2001; Hernes and Benner, 2003] . S/V ratios appear to be largely unaffected by short-term microbial incubations and flocculation processes in freshwaters [Hernes and Benner, 2003] . The increasing S/V and C/V ratios we observed during transport are therefore likely caused by changing physical conditions such as leaching and sorption processes [Hernes et al., 2013 [Hernes et al., , 2007 . (Tables 1 and 2) , consistent with lower vascular plant inputs from tree and woody vegetation combined with high-overall carbon export patterns (Figure 4b ). Swamp waters may therefore contain enriched quantities of vascular plant-derived polysaccharides (lower Λ 8 ) yet contain sufficient tannins and other optically active moieties to result in similar CDOM per unit DOC (SUVA 254 ) values under most hydrographic conditions (Figure 3c ) [Hernes et al., 2001; Hernes and Hedges, 2004] . Generally higher Λ 8 values from tropical forest and savannah catchments alongside more moderate C:N ratios suggest higher vascular plant vegetation export from C3-dominated regions in these catchments ( Figure 4b ). [Hernes and Benner, 2003; Pellerin et al., 2010] . Combined, our results indicate that an increased proportion of deep soil flow water is present in streams and rivers during drier conditions, and that increased soil residence time and changing hydrologic flow paths enable more extensive prior processing, sorption, and partitioning of the DOM pool before export [Spencer et al., 2010a; Striegl et al., 2005] . These processes result in a more degraded DOM signature (e.g., reduced aromaticity, molecular weight, and higher FI) during these periods.
CO 2 Evasion
All streams and rivers measured throughout the Congo Basin were supersaturated in pCO 2 indicating that they were net sources of CO 2 to the atmosphere (Tables 3 and 4) . Surface water pCO 2 throughout the Congo Basin, excluding swamp waters were comparable (2,600-11,922 μatm) but ranged more than those previously reported from the Amazon (4,350 ± 1,900 μatm) [Richey et al., 2002] and Congo River main stems (2,018-6,853 μatm) [Wang et al., 2013] , and other African rivers such as the Nyong Basin in Cameroon (7,245 ± 3,046 μatm) [Brunet et al., 2009] . Our forest and savannah median pCO 2 values (5275-7141 μatm) were higher than those reported in a global synthesis of tropical inland water gas measurements that estimated 4300 μatm and 3600 μatm for tropical streams (<100 m) and rivers (>100 m), respectively, [Aufdenkampe et al., 2011] (Table 4) . Our findings contrast with those from the Oubangui River, a major tributary of the Congo River, where mean pCO 2 values were notably lower (1678 ± 1092) than the global synthesis estimates [Bouillon et al., 2012] . The predominant savannah vegetation cover of the Oubangui catchment, and the relatively low pCO 2 values of savannahdominated catchments in this study provide strong rationale as to the lower values in the Oubangui (Table 4) .
Our study showed that swamp forest waters within the Congo Basin contained extremely high pCO 2 concentrations (10,598-15,802 μatm) with median values in streams (12,208 μatm) and rivers (13,165 μatm) far greater than those reported for global wetland regions (2,900 μatm) [Aufdenkampe et al., 2011] . Aquatic CO 2 supersaturation throughout Amazonian Rivers represents a significant component of regional carbon budgets [Mayorga et al., 2005; Richey et al., 2002] . In this study, mean areal CO 2 outgassing rates were estimated to range between 312 and 1429 mmol m À2 d À1 in streams (< 100 m width) and from 370 to 1064 mmol m À2 d À1 in rivers (> 100 m width), for the periods of our study (Table 4 ). These fluxes are comparable but higher than recent estimates of CO 2 flux from an annual study of the Congo River main stem at Brazzaville of between 133 and 506 mmol CO 2 m À2 d À1 [Wang et al., 2013] . Previous measurements of δ 13 C of respired CO 2 collected from tropical streams and rivers has suggested that no single organic matter source consistently fuels CO 2 evasion and that C source varies spatially and temporally [Mayorga et al., 2005] . Groundwater inputs of CO 2 can act as a large source of terrestrially respired CO 2 particularly in tropical headwaters [Johnson et al., 2008; Richey et al., 2009] , which could account for the high pCO 2 values observed here. The similarity and persistence of pCO 2 observed in this study throughout the river network from smaller streams (<100 m) and larger rivers (>100 m) however suggests a downstream source of CO 2 that is in close equilibrium with outgassing rates. The production of CO 2 from in situ respiration of autochthonous-and allochthonous-derived organic matter sources has previously been reported with terrigenous DOM fueling a significant proportion of CO 2 evasion [Mayorga et al., 2005; Richey et al., 1990; Ward et al., 2013] . Across our sites, in situ pCO 2 was positively correlated with DOC concentration (R 2 = 0.54, p < 0.01, n = 24) and ∑ 8 (R 2 = 0.33, p < 0.01, n = 16). Water pCO 2 was also strongly inversely correlated with percent oxygen saturation (R 2 = 0.92, p < 0.001, n = 24) and Λ 8 (R 2 = 0.42, p < 0.01, n = 16). Hence, it seems likely that a proportion of CO 2 and subsequent greenhouse gas efflux, especially in large streams and rivers away from headwater influences, originated from allochthonous DOC inputs [Hamilton et al., 1995; Mayorga et al., 2005; Ward et al., 2013] . The relatively low overall evasion rates we report from swamp subbasins, despite high water-air pCO 2 gradients, were caused by very low published estimates for k (2.4 cm h À1 /20°C) [Aufdenkampe et al., 2011] .
Our results underpin that tropical inland waters may play a significant role in the processing of terrigenous organic matter and have the potential to be important pathways that must be considered in constructing regional carbon budgets. The vast range in pCO 2 measured across our sites demonstrates the critical importance of sampling over adequate spatial, as well as temporal scales, in order to correctly upscale regional or basin-scale estimates for CO 2 fluxes. Accurately parameterizing air-water flux rates will be critical for determining the relative importance of these regions on greenhouse gas budgets under natural and anthropogenically influenced conditions.
Basin-Scale Optical Proxies for DOM
Optical parameters provide high-resolution, cost-effective proxies for DOM concentration and composition, and therefore potential insights into DOM dynamics and reactivity [Fellman et al., 2010; Mann et al., 2012; Spencer et al., 2012b Spencer et al., , 2013 Spencer et al., , 2008 . DOC concentrations and a 350 values were significantly correlated over the entire study period and across all sample sites, (R 2 = 0.98, df = 72, p < 0.001) demonstrating the excellent potential for deriving DOC estimates from inexpensive optical properties, that can be measured at high temporal resolution using in situ instrumentation [Pellerin et al., 2011] . These strong linear relationships persisted and displayed identical slopes when the data were split into savannah, forest, and swamp subsets (R 2 = 0.93, 0.87, 0.99, p < 0.001, respectively) demonstrating that relationships were robust across the Congo (R 2 = 0.82, p < 0.001) but, although still significant, were weaker in forest and swamp regions (R 2 = 0.55, 0.66, p < 0.05, respectively). These regions must therefore contain significant and variable sources of other aromatics/phenolics, independent of lignin as discussed above. Our study demonstrates that optical measurements can provide valuable robust estimates of DOC concentrations and DOM properties that may prove useful for future studies aiming to examine carbon biogeochemistry in such a remote and challenging region to sample as the Congo Basin.
